Introduction
Do you wonder why you cannot remember being asked to bring home the dry cleaning but can list the dog breeds serving as runners up to the new Portuguese water dog at the White House? The answers to these types of question are probably complicated; however, why some memories are consolidated and maintained at the expense of others remains a central question in the field of learning and memory. Some studies indicate that circadian rhythms might be among the cast of neuronal players that regulate memory formation and consolidation. A progressive understanding of how neural circuits cooperate has resulted in new discoveries about the role of circadian rhythms in the brain. Circadian rhythms have long been acknowledged to synchronize the phases of activity and inactivity, and only recently have they been shown to exist in most regions of the brain as well as the periphery, controlling complex physiology that ranges from thermoregulation and olfactory sensitivity to hormone secretion, glucose metabolism and even memory processes (Granados-Fuentes et al, 2006; Lamia et al, 2008; Schibler & Sassone-Corsi, 2002; Stratmann & Schibler, 2006; Walker & Stickgold, 2006) . The hippocampus, which is a region of the brain important for long-term declarative memory formation, is not immune to the presence of the circadian clock, hosting 24 4-h oscillations in both gene expression and enzyme activity (Cirelli & Tononi, 2000; Dolci et al, 2003; Eckel-Mahan et al, 2008) . As the hippocampus has a crucial role in long-term memory (LTM) formation and temporary storage, these cyclical events raise new questions about how it integrates and temporarily sustains new memories amid a backdrop of circadian and homeostatically regulated events (Fig 1; Sidebar A) . How cellular oscillations contribute to the encoding and consolidation of memory needs to be investigated in greater detail, both within individual cells and at the molecular level.
Circadian cycles take place over the course of approximately 24 h. A small region of the brain known as the suprachiasmatic nucleus (SCN) is the anatomical centre that generates these rhythms and provides the necessary synchronization of other central nervous system and peripheral tissues , and references therein). The organs that rely on the SCN for rhythmicity are considered to be 'slave' oscillators. In mammals, the entrainment of the SCN by a zeitgeber, light, is initiated by neurons that project from the eye through the retinohypothalamic tract. At the individual cell level, the circadian clock uses the CLOCK and BMAL1 proteins, which are two bHLH-PAS transcription activators that hetero dimerize and activate clock genes. These proteins bind to E-box elements-the sequence of which is CACGTG-that are present in clock gene promoters (Bell-Pedersen et al, 2005; Reppert & Weaver, 2002) . The clock genes Per and Cry encode additional elements of the core clock machinery, and function as heterodimeric complexes that translocate to the nucleus and inhibit CLOCK:BMAL1-mediated transcription through direct protein-protein interactions (Okamura et al, 2002, and references therein) . Therefore, at their core, circadian rhythms are supported by intracellular transcriptional and translational feedback loops reviews concept that perpetuate oscillations in gene expression. Timekeeping in this system is complex: auxiliary enzymes impinge on the circadian proteins by mechanisms that include methylation, acetylation, phosphorylation and ubiquitination, which keep the core clock strictly timed, yet surprisingly plastic and able to adapt to changes in its environment (Belden & Dunlap, 2008; Lee et al, 2004; Naidoo et al, 1999; Nakahata et al, 2008; Toh et al, 2001) . Although SCN neurons are responsive to zeitgebers, such as light, their molecular rhythms are self-sustaining and continue to oscillate in a circadian manner even in 'free running' (constant dark) conditions.
Cells rhythmically synthesize as much as 10% of their transcripts (Duffield et al, 2002; Lowrey & Takahashi, 2004; Panda et al, 2002) . As these transcripts include those involved in neuronal signalling and synaptic plasticity, it is conceivable that many of the functions of the brain occur within a changing, circadian phase-dependent sensitivity to stimuli. With this in mind, determining how memory formation and maintenance is affected by circadian systems at the molecular level is crucial for explaining the behavioural link between the two. The existence of interplay between memory and circadian rhythmicity is not a new observation; however, numerous experiments from the past few decades underscore the complexity of the interaction. One question that emerges from these studies is whether memory training functions as a type of zeitgeber for the hippocampus. Considering the similarities with which light entrains the central oscillator, it is possible that training actually functions as a zeitgeber of sorts in regions of the brain that are responsible for temporary encoding and storage of memory. Moreover, the contribution of clock genes to memory formation remains largely unexplored. Although some clock-gene-knockout organisms have been tested for memory deficits, more spatially and temporally confined gene-targeting strategies would be useful for determining the precise role-if any-that these genes have in synaptic plasticity and memory formation. Finally, the molecular consequences of sleep-which is controlled by both circadian and homeostatic processes-in memory circuits remain an enigma. A more detailed look at memory-activated neuron ensembles within the context of sleep and circadian time might improve our understanding of how these processes cooperate at the molecular level and how they might be coordinated to maximize information storage. In view of the molecular similarities between the processes of light-induced phase shifting in suprachiasmatic nucleus neurons and hippocampal memory consolidation, memory training could induce a distinct phase-response curve in memoryspecific neuronal ensembles. The initial spike drawn in the phase-response curve after a training event reflects the early increase in mitogen-activated protein kinase activity and gene expression that occurs in many hippocampal neurons after a training event. Depending on when training occurs relative to existing circadian oscillations, the phase response might be advanced, delayed or unchanged. If unchanged, there could be increased phase coupling between neurons or an increase in the amplitude of oscillations in neurons that are already keeping time. One of these outcomes might be preferable for the hippocampal-cortical communication that occurs during slow-wave sleep. Phase-adjusted or amplitude-adjusted neurons could be marked and selected for the subsequent transfer and storage of information in the cortex. There is considerable interest in the molecular mechanisms that underlie LTM (Sidebar B). LTM formation differs from short-term memory (STM) formation in that the latter occurs rapidly and involves changes in the activity of existing proteins to mediate synaptic responses, whereas the former depends on de novo trans cription and translation, and therefore requires considerably more time. Much of the progress made in the field of memory is based on discoveries about long-term potentiation (LTP), which is the enduring increase in synaptic response that occurs after strong, repetitive stimulation. Although LTP can be NMDA-receptor-dependent or NMDA-receptorindependent (Grover & Teyler, 1990; Nicoll & Malenka, 1999) , it also requires new protein synthesis for consolidation (Abraham & Williams, 2008) . The time-dependent process of memory formation is often referred to as cellular consolidation and occurs over several hours. The subsequent transfer of memories from the hippocampus to the cortex seems to take much longer-probably weeks to monthsand might rely on sleep-dependent communication between the two structures ( Ji & Wilson, 2007) . Once a memory has been redistributed to the neocortex, it is commonly referred to as 'remote' (Frankland & Bontempi, 2005) . The contributions of the MAPK and cAMP signalling pathways to memory consolidation are well established (Sweatt, 2004 , and references therein). Therefore, recent evidence that cAMP and MAPK activity oscillate in the hippocampus allows speculation as to whether they might provide a point of intersection between the circadian clock and memory. Interestingly, several studies support the idea that the signalling pathways that mediate hippocampal long-term plasticity must be reactivated to consolidate memory, perhaps even for its maintenance as a 'remote', cortically dependent entity (Bekinschtein et al, 2007; Cui et al, 2004; Schulz et al, 1999; Trifilieff et al, 2006) .
Glossary
The idea of reactivation, perhaps accentuated by circadian rhythmicity, could make sense considering the persistent nature of LTP and LTM. LTP, which is thought to be a prerequisite for LTM formation, occurs together with circadian rhythmicity in mice and a similar circadian dependence has been observed in other species (Chaudhury et al, 2005) . Interestingly, in vivo cortical LTP in rodents is partly occluded after hours of wakefulness, when the net synaptic facilitation is high; however, it is again inducible after several hours of sleep, during which cortical and hippocampal synaptic strength undergoes a net depression (Vyazovskiy et al, 2008) . This time-dependent variation in cortical plasticity is paralleled in the hippocampus. The observed changes in net plasticity seem to be predominantly dependent on sleep, although signals from the SCN and surrounding hypothalamic circuits might also contribute.
Circadian effects on memory formation and maintenance have also been observed. For example, SCN lesions impair hippo campusdependent LTM in rodents (Stephan & Kovacevic, 1978) . Similarly, circadian disruptions imposed by other means-such as light-phase shifting-can also produce retrograde amnesia (Devan et al, 2001; Tapp & Holloway, 1981) , indicating that circadian rhythmicity could have a distinct role in memory storage. The crosstalk between circadian rhythms and memory has been shown in many species, ranging from Aplysia to humans; however, our understanding of the molecular events connecting these two physio logical processes is limited (Chaudhury & Colwell, 2002; Devan et al, 2001; Hauber & Bareiss, 2001; Holloway & Wansley, 1973; Leirer et al, 1994; Lyons et al, 2006; Tapp & Holloway, 1981; Valentinuzzi et al, 2004) . One recent study that used a hippocampus-dependent novel objectrecognition task brings GABA signalling to the forefront of the processes (Ruby et al, 2008) . In this study of the nocturnal Siberian hamster (Phodopus sungorus), the normal circadian sensi tivity for learning a new object-recognition task was absent when animals were made arrhythmic by a single 2-h exposure to light during the night (zeit geber time 17) followed by a 3-h phase delay the next day. Interestingly, GABA antagonists restore the circadian sensitivity of learning the task. Similarly to GABA, circulating levels of melatonin might also affect memory encoding. Melatonin is released by the pineal gland and its levels oscillate notably over the circadian cycle in zebrafish, as they do in humans. Recent studies in zebrafish indicate that high levels of melatonin at night impair nocturnal memory acquisition, which is an effect that can be rescued by treatment with a melatonin receptor antagonist or by pinealectomy (Rawashdeh et al, 2007) . Melatonin might also affect memory consolidation, as pinealectomized and sham-operated animals were both able to acquire active-avoidance conditioning during the subjective night, whereas pinealectomized animals showed better long-term retention than their sham-operated controls. In addition to its role in memory encoding, additional studies implicate the clock in memory consolidation. For example, circadian phase shifting seems to be particularly detrimental for the consolidation and maintenance of spatial memory. Rats that are phase-shifted before and throughout place-acquisition training for the Morris water maze-which is a predominantly hippocampus-dependent task-show normal Sidebar A | Basic concepts in circadian rhythmicity and memory
Circadian
Occurring with around 24-h periodicity. Derived from the Latin words 'circa' meaning 'about' and 'diem' meaning 'day' . Zeitgebers External cues such as light or food that entrain endogenous circadian rhythms.
Long-term memory (LTM)
Memory that depends on de novo transcription and translation. Many forms of declarative LTM require a hippocampus-dependent cellularconsolidation period. Over time (usually weeks in rodents), LTMs are redistributed to the neocortex, which is a state of memory sometimes referred to as 'remote' .
Long-term potentiation (LTP)
The increase in postsynaptic potential induced in response to repeated presynaptic stimuli. LTP can persist for hours or longer and is generally thought to be a molecular correlate of LTM formation.
Memory acquisition
The initial encoding of information that relies on short-term modifications of existing synapses. It is typically gauged by memory tests administered shortly after training.
Slow-wave sleep (SWS)
Part of non-rapid eye movement (non-REM) sleep that is distinguishable from REM and other non-REM stages of sleep by the presence of slow (0.5-2 Hz) delta waves of large amplitude, as measured by an electroencephalogram. Sometimes referred to as 'deep sleep' , it is thought to contribute to the consolidation of declarative memory. Homeostasis The physiological processes that maintain internal equilibrium despite variations in the external environment. An example of sleep homeostasis is the ability of the brain to respond to sleep deprivation by an increase in subsequent sleep (particularly SWS) duration and intensity, whereas an excess of sleep results in a decrease in subsequent sleep time and intensity. reviews concept acquisition but have impaired retention when tested for LTM days later, even if normal circadian rhythmicity is fully restored (Devan et al, 2001) . Interestingly, tests performed using C-3H mice and the melatonin-deficient C-57/6J mice show circadian sensitivity in hippocampus-dependent memory encoding and recall, as well as in its extinction (Chaudhury & Colwell, 2002) . Several recent studies indicate that wakefulness supports encoding and sleep promotes consolidation (Donlea et al, 2009; Rasch et al, 2007) . Admittedly, it is difficult to separate the effects of circadian rhythmicity on memory maintenance from those of sleep, as most manipulations of the circadian cycle also involve sleep disruption. Nevertheless, these studies are beginning to bridge a gap in our understanding of how the biological clock affects different memory processes, although the cellular consequences of time-keeping in neurons remain vague. Why does the circadian clock sensitize the hippocampus to memory formation and maintenance, and how does LTM consolidation intersect with circadian rhythmicity on a cellular level?
One possibility is that memory training actually functions as a zeitgeber that is able to induce an immediate response that reflects the timing of input relative to existing intracellular oscillations, while altering the phase or amplitude of subsequent cycles. The similarities between memory-training-induced signalling and zeitgeber-induced molecular events in the SCN are remarkably homogeneous. This is the case in SCN neurons, for example, which individually keep time. When activated by light, the SCN responds to glutamate released from retinohypothalamic neurons, which is an event that precipitates signalling cascades that are notably similar to those induced in the hippo campus after memory training. Both inputs activate NMDA receptors, resulting in calcium-induced increases in cAMP production (O'Neill et al, 2008; Shimizu et al, 2000; Vindlacheruvu et al, 1992; Wong et al, 1999) . The activation of the MAPK pathway is necessary both for light-induced phase shifting in the SCN and for memory consolidation, and is a prerequisite for MSK1 activation and for CREB phosphorylation and activity in both systems (Butcher et al, 2005; Obrietan et al, 1999; Sindreu et al, 2007; Tischkau et al, 2003; Travnickova-Bendova et al, 2002) . Chromatin remodelling also contributes to light-induced phase shifting and the consolidation of hippocampal memories (Naruse et al, 2004; Sweatt, 2009 ). In the light of these similarities, is it possible that memory training actually entrains memory-specific neuronal ensembles in the hippocampus? This question could be addressed by tracking individual neurons after training using a bioluminescent reporter that is specific for training-activated neurons. Other studies using such tools provide precedents for this approach (Han et al, 2009; Impey et al, 1998) . Using such a reporter, it might be possible to determine whether circadian oscillations in training-activated neurons are amplified or phase shifted. Such detailed analysis would be challenging, but would shed light on the temporal organization of memory encoding and temporary maintenance in the presence of already oscillating pathways. Using light-induced alterations in circadian clock gene expression as a model, Fig 1 depicts possible ways in which memory training might affect signalling within individual neurons or neuron ensembles. Memory training is known to induce at least temporary increases in cAMP, MAPK activation and CREB-mediated gene transcription; therefore, phase-response curves are drawn to model what initially occurs after a training event-that is, an immediate spike in cAMP and MAPK activity-followed by phase responses observed in the circadian system after the administration of a zeitgeber at various points in the circadian cycle. Although speculative, it is possible that training either amplifies or phase shifts circadian rhythms in neuron ensembles and, by doing so, marks them for subsequent replay or sleep-dependent communication. Alternatively, phase coupling might also occur, meaning that cells with oscillators functioning out of phase to one another might adjust so as to relay information collectively for further consolidation.
Do clock genes contribute to memory formation?
The signalling required for memory consolidation mirrors, in part, that which takes place in the SCN in response to light. So, where do clock genes fit into memory encoding (Fig 2) ? The expression of some clock genes in the hippocampus is relatively robust, although whether they have an essential role in synaptic plasticity is unclear. The CREB-driven Per1 and Per2 genes are expressed and reported to oscillate in both the dentate gyrus and CA1 regions of the hippo campus (Feillet et al, 2008) , and Clock and the Clock homologue Npas2 are strongly expressed in the forebrain. The oscillation of the Per2 gene in the dentate gyrus has been reported to be abolished by lesion of the SCN, indicating that the hippocampus might function as a 'slave' oscillator (Lamont et al, 2005) . To understand better the role of the clock genes in memory formation, several organisms that are deficient in clock gene expression have been analysed for memory defects. Rodents that lack functional PER1 and PER2 show no deficits in spatial memory (Feillet et al, 2008; Zueger et al, 2006) , whereas mice that lack Npas2 in the forebrain have impaired hippocampus-dependent context and cued fear memory (Garcia et al, 2000) . Unlike in rodents, the PER protein seems to be necessary for memory in Drosophila melanogaster, in which per mutants show deficits in experiencedependent courtship and the overexpression of PER improves LTM (Sakai et al, 2004) . The role of PER in consolidation is now thought to be mediated, at least in part, by generating the need to sleep that precedes LTM training (Donlea et al, 2009) . Bmal1-the only circadian gene essential for circadian rhythmicity-is thought to be negatively regulated by MAPK (Sanada et al, 2002) , indicating that MAPK oscillations in the hippocampus might impinge on CLOCK:BMAL1-driven or NPAS2:BMAL1-driven gene expression. However, it is unknown whether Bmal1-deficient animals have specific memory impairments.
An important consideration when interpreting data from circadian mutant animals is that circadian genes contribute to other neuronal processes and might, therefore, indirectly affect memory formation. For example, the arrhythmic Cry1 -/-and Cry2 -/-mice show aberrant sleep patterns, and therefore abnormal sleep could affect memory in these animals (Wisor et al, 2002; Van der Zee et al, 2008) . Furthermore, the Bmal1 -/-mice age prematurely and their ageing is accompanied by increased oxidative stress in numerous tissues (Kondratov et (ii) How do clock genes contribute to synaptic plasticity?
(iii) Does memory training function as a zeitgeber for hippocampal neurons?
(iv) How does circadian rhythmicity in the hippocampus promote temporary memory maintenance?
(v) Is circadian rhythmicity necessary for the redistribution of hippocampus-dependent memory to the cortex? reviews concept 2006). Memory studies in rodents with tissue-specific alterations in the clock machinery would be useful to determine the exact roleif any-that circadian clock genes have in hippocampus-dependent memory. For example, ablating genes such as Bmal1 in a spatially restricted manner would allow one to determine whether circadian disruptions-such as those elicited by SCN lesions-affect behaviour because the hippocampus functions as a 'slave' oscillator or because an oscillation intrinsic to the hippo campus has been abolished. Such spatially restricted interference with clock gene expression could be addressed by the administration of one of several viruses known to be effective at gene delivery in the hippocampus. In addition, transgenic mouse models such as the one engineered for Per1-driven luciferase expression might be used to monitor PER1 expression after training. This would allow determination of whether individual cells or groups of cells that have circadian rhythmicity in clock gene expression are activated or undergo a phase response after training. The abundant expression of CLOCK in hippocampal neurons raises additional interesting questions. For example, the recent discovery that CLOCK functions not only as a transcriptional activator but also as a histone acetyltransferase (Doi et al, 2006; Nader et al, 2009; Nakahata et al, 2007) indicates that CLOCK could induce chromatin remodelling in the hippocampus as well. The intrinsic acetyltransferase activity of the CLOCK protein is necessary for circadian rhythmicity and mediates sufficient chromatin remodelling to enable rhythmic clock gene expression, as well as for direct acetylation of its binding partner BMAL1 . Chromatin remodelling at relevant gene promoters is reported to be an important component of circadian rhythms in the SCN as well as of memory persistence in the hippocampus (Borrelli et al, 2008; Naruse et al, 2004; Sweatt, 2009) . Specifically, memory consolidation requires chromatin remodelling at memory-activated gene target sites, such as at the Bdnf promoter (Lubin et al, 2008) . CLOCK or NPAS2 might also contribute transcriptionally to the generation of E-box-driven promoter transcripts in the hippo campus, which could be determined easily by established biochemical and histological methods. However, the presence of circadian clock machinery in hippocampal neurons does not make clock proteins essential for memory formation or maintenance; until the study of clock gene expression is limited to individual hippo campal neurons, it is premature to propose the mechanism by which they could contribute to memory formation.
The enigmatic role of sleep in memory
Perhaps one of the more interesting and controversial topics associated with circadian rhythms and memory is that of sleep. It is evident that both circadian and homeostatic processes contribute to sleep (Dijk & von Schantz, 2005) . The neuronal replay of experiences during sleep is supported by in vivo electrophysiology and remains one of the most convincing pieces of evidence that sleep intersects with memory by reactivating already assimilated information ( Ji & Wilson, 2007; Shank & Margoliash, 2009) . Evidence is growing that non-rapid eye movement, particularly slow-wave sleep (SWS), might assist in the consolidation and strengthening of hippocampusdependent, declarative forms of memory (Gais & Born, 2004) . This idea is supported by sleep-deprivation studies (Walker & Stickgold, 2006 , and references therein), although it is underscored by the The regulation of hippocampal neurons by the sleep-wake cycle, circadian cues and, possibly, the expression of circadian clock genes dynamically alters the state of plasticity on which a training response can be generated. A few of the molecules and proteins that could link the circadian clock and sleep to hippocampal plasticity are listed, as well as how they might affect memory consolidation mechanistically. The integration of these inputs in the hippocampus might determine the functional output, memory, at the level of formation and maintenance. Bmal1, brain and muscle aryl hydrocarbon receptor nuclear translocator (Arnt)-like protein-1; Cry, cryptochrome; GABA, γ-aminobutyric acid; Npas2, neuronal period-aryl hydrocarbon receptor nuclear translocatorsingle-minded domain protein 2; Per, period. reviews concept fact that learning also alters the architecture of post-training SWS. Some studies indicate that wakefulness can generate a cellular, homeostatic need to sleep (Ganguly-Fitzgerald et al, 2006; Huber et al, 2004) . These studies show that slow-wave activity-which is a marker of need for sleep-can be induced locally by learning and correlates with increased performance of memory tasks after a period of sleep. The increase in need for sleep rises throughout wakefulness and correlates with specific but widespread alterations in synaptic makers that result in a net synaptic potentiation (Gilestro et al, 2009; Vyazovskiy et al, 2008) . Conversely, sleep is associated with a net synaptic depression in the cortex and hippocampus. Increasing the amount of SWS through electrical stimulation or by the presentation of training-associated cues-such as odorants-during SWS produces enhanced hippocampus-dependent memory performance (Rasch et al, 2007) . Transcranial magnetic stimulation, which effectively mimics the patterns of synchronized neuronal activity-such as spindles and slow waves-that occur during SWS (Massimini et al, 2007) also increases LTM performance for some associative learning tasks in humans (Marshall et al, 2006) . A recent study has provided evidence that the increased sleep need acquired through learning is controlled directly by clock neurons in Drosophila (Donlea et al, 2009) , and that it depends on cAMP signalling within these circuits. In humans, the homeostatic drive to sleep also seems to be related directly to the clock, and activity in the suprachiasmatic area is inversely correlated with homeo static sleep pressure (Schmidt et al, 2009) . Finally, direct in vivo electrophysiological measurements in rodents, primates and birds have shown that SWS might provide the replay necessary for refinement or consolidation of memory at activated synapses (Kudrimoti et al, 1999; Lee & Wilson, 2002; Nadasdy et al, 1999; Pavlides & Winson, 1989; Wilson & McNaughton, 1994) , although such replay involves substantial time compression.
It is clear that waking experiences are replayed during sleep. Does this depend on the circadian rhythmicity that exists within memory circuits or the rhythmicity acting on them? Again, current imaging technology places the answers to questions such as these within reach. For example, using bioluminescence to track neurons activated by a memory task, one could follow changes in gene expression that are specific to consolidation during or after SWS manipulation -such as by transcranial stimulation-while monitoring the expression of circadian-regulated genes within memory circuits. SCN lesions impair consolidated sleep sessions; however, would replay be impaired by a hippocampus-specific deletion of Bmal1 or Npas2? As fibre-optic fluorescence technology in the brain develops, the monitoring of freely behaving rodents will be useful in addressing these questions experimentally.
The discovery that most cells in the body have a cell-autonomous circadian oscillator (Nagoshi et al, 2004; Yoo et al, 2004) gives a new perspective on how signalling in individual cells and groups of cells might contribute to a physiological response. In the case of memory formation, the presence of circadian variations in cortical and hippocampal cells (Cirelli & Tononi, 2000; Prolo et al, 2005; Wakamatsu et al, 2001) , as well as the vast number of reports implicating circadian rhythmicity in memory formation and maintenance, indicate that there are molecular links yet to be explored. As discussed, the details of the interaction between circadian rhythmicity and memory formation need to be demonstrated at the molecular and cellular level. However, with new imaging tools and more sophisticated conditional gene-targeting schemes these studies can and should be performed in vivo. In the end, memory formation and circadian rhythms probably interact in a similar manner to cogs and gears; however, the elucidation of their spatial and temporal connectivity awaits further experimentation.
